ABSTRACT The effects of antioxidants and double packaging combinations on color, lipid oxidation, and volatiles production in irradiated raw and cooked turkey breast were determined. Ground meat was treated with antioxidants (none, sesamol + α-tocopherol, or gallate + α-tocopherol), and patties were prepared. The patties were packaged under vacuum, packaged aerobically, or double packaged (vacuum for 7 d then aerobic for 3 d) and electron beam irradiated at 3 kGy. Color, 2-thiobarbituric acid-reactive substances (TBARS), and volatile profiles of the samples were determined at 0 and 10 d and after cooking.
INTRODUCTION
Although irradiating is the best method to ensure the microbiological safety of raw meat (Lambert et al., 1991) , it caused a few radiolytic meat quality defects. Irradiated pork and poultry meat accelerate lipid oxidation (Katusin-Razem et al., 1992; Ahn et al., 2000a) , produce a characteristic off-odor (Patterson and Stevenson 1995; Du et al., 2000; Ahn et al., 2001) , and develop a pink color (Lynch et al., 1991; Nanke et al., 1998; Nam and Ahn, 2002a) . Jo and Ahn (2000) elucidated that sulfur volatiles produced by radiolytic degradation of sulfur amino acids are responsible for the irradiation off-odor, and Nam and Ahn (2002a) characterized the pink color in irradiated turkey breast as the complex of heme pigment and radiolytic carbon monoxide. The primary and To whom correspondence should be addressed: duahn@iastate.edu. 850 radiated control. Irradiated aerobically packaged meat had accelerated lipid oxidation and aldehyde production at 10 d and after cooking. Gallate + α-tocopherol alone with double packaging was effective in reducing the red color of irradiated meat at 10 d and after cooking. Considerable amounts of off-odor volatiles were reduced by double packaging and antioxidant treatment. Sulfur volatiles were evaporated during the aerobic period of double packaging, and lipid oxidation was prevented by the antioxidants and vacuum condition of double packaging. These beneficial effects of double packaging and antioxidants were more critical in irradiated cooked meat. Therefore, the combined use of antioxidants and double packaging would be a useful method to control the oxidative quality changes of irradiated raw and cooked turkey breast.
secondary reactions of free radicals generated by irradiation with meat components are believed to be the main cause of these quality changes. Woods and Pikaev (1994) and Ahn et al. (1997) reported that antioxidants reduce oxidative quality deterioration of irradiated meat by quenching free radicals. Nam and Ahn (2002b) showed that gallate or sesamol combined with α-tocopherol decreases production of sulfur volatiles as well as lipid oxidation in irradiated pork patties.
Packaging is also a critical factor influencing the quality of irradiated meat. Under vacuum conditions, almost all sulfur volatiles generated by irradiation are retained in meat (Ahn et al., 2000b; Ahn et al., 2001; Nam et al., 2001) , and the intensity of pink color in irradiated meat increases during storage (Luchsinger et al., 1996; Nam and Ahn, 2002a) . Under aerobic conditions, almost all sulfur volatiles generated by irradiation disappear, and pink color intensity decreases after a few days of storage. Lipid oxidation in irradiated meat during storage was Abbreviation Key: a* = redness; b* = yellowness; CO-Mb = carbon monoxide-myoglobin; L* = lightness; TBARS, 2-thiobarbituric acid reactive substances. Gallic acid (100 ppm) and α-tocopherol (100 ppm) added.
accelerated only under aerobic conditions (Katusin-Razem et al., 1992; Ahn et al., 2000b) . Therefore, exposing irradiated meat to aerobic conditions for a limited period of time could lower irradiation off-odor odor and decrease pink color intensity, and subsequent storage under vacuum could minimize lipid oxidation. Addition of antioxidants thus can prevent quality deterioration of irradiated double-packaged meat during storage. The objective of this study was to determine the effects of double packaging and antioxidant combinations on color, lipid oxidation, and volatiles of irradiated raw turkey breast during refrigerated storage and after cooking.
MATERIALS AND METHODS

Treatments
A total of 36 male Large White turkeys (16 wk old) were slaughtered, and then carcasses were chilled in ice water for 3 h and drained in a cold room. Breast muscles were deboned from the carcasses 24 h after slaughter. Skin and visible fat were removed. Breast meats from six birds were pooled from and used as a replication. Meats for each replication were ground through a 3-mm plate, and four replications were prepared. Six different treatments were prepared using antioxidant, packaging method, and irradiation conditions (Table 1) . Vitamin E + sesamol and vitamin E + gallate combinations were used in this study, because these antioxidant combinations were most effective in reducing lipid oxidation and off-odor volatiles in irradiated turkey meat (Nam and Ahn, 2002b distribution of the added antioxidants. Other treatments without antioxidants were also put through the same mixing process to provide the same preparation conditions as antioxidant-added treatments.
About 50 g of turkey breast patties was prepared from each treatment and then individually vacuum packaged in high oxygen-barrier bags 6 (nylon-polyethylene, 9.3 mL O 2 /m 2 per 24 h at 0°C), aerobically packaged in polyethylene oxygen-permeable bags 7 (polyethylene, 2 mil), or double packaged. For double packaging, aerobically packaged patties were repackaged in oxygen-impermeable vacuum bags.
The packaged patties were irradiated at 2.5 kGy using a linear accelerator 8 (Circe IIIR) with 10 MeV of energy, 10 kW of power, and 86.2 kGy/min of average dose rate. To confirm the target dose, two alanine dosimeters per cart were attached to the top and bottom surfaces of the sample and were read using a 104 Electron Paramagnetic Resonance instrument 9 (EMS-104). Nonirradiated vacuum-packaged patties were prepared as a control. The outer vacuum bags of double-packaged meat were removed after 7 d of storage at 4°C to expose the samples under aerobic conditions. Color, lipid oxidation, and volatile compounds of the irradiated raw meats were determined at 0 and 10 d of refrigerated storage. Part of the raw meat stored for 10 d was cooked in a 90°C water bath (cooked in bag) to an internal temperature of 75°C. The surface and internal colors, lipid oxidation, and volatiles of the cooked meat were determined after cooling the meat to room temperature.
Color Measurement
The CIE color values were measured on the surface of sample using a LabScan color meter 10 that had been calibrated against black and white reference tiles covered with the same packaging materials as used for the samples. The CIE lightness (L*), redness (a*), and yellowness (b*) values were obtained using an illuminant A (light source) with an area view of 0.25 inch and a port size of 0.40 inch. Two random locations of both top and bottom surfaces of the samples were measured. For the internal color of cooked meat, the patties were horizontally dissected, and the internal central locations were measured. Different letters within a row are significantly different (P < 0.05); n = 4.
x-z Different letters within a column with same color value are significantly different (P < 0.05). Sesamol (100 ppm) and α-tocopherol (100 ppm) added.
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Gallic acid (100 ppm) and α-tocopherol (100 ppm) added.
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Cooked by internal temperature (75°C) after 10 d of storage.
Analysis of 2-Thiobarbituric Acid Reactive Substance Values
Lipid oxidation was determined by analysis of 2-thiobarbituric acid reactive substances (TBARS) (Ahn et al., 1998) . Each meat sample (5 g) was placed in a 50-mL test tube and homogenized with 15 mL of deionized, distilled water using a Brinkman Polytron 11 (Type PT 10/35) for 15 s at high speed. The meat homogenate (1 mL) was transferred to a disposable test tube (13 × 100 mm), and butylated hydroxytoluene (7.2%, 50 µL) and thiobarbituric acid-trichloroacetic acid [20 mM thiobarbituric acid and 15% (wt/vol) trichloroacetic acid] solution (2 mL) were added. The mixture was vortexed and then incubated in a 90°C water bath for 15 min to develop color. After cooling for 10 min in cold water, the samples were vortexed and centrifuged at 3,000 × g for 15 min at 5°C. The absorbance of the resulting upper layer was read at 531 nm against a blank prepared with 1 mL deionized, distilled water and 2 mL thiobarbituric acid-trichloroacetic acid solution. The amounts of TBARS were expressed as milligrams of malonedialdehyde per kilogram of meat.
11
Brinkman Instrument, Inc., Westbury, NY. 
Analysis of Volatile Profiles
A purge-and-trap apparatus 12 (Precept II and Purge & Trap Concentrator 3000) connected to a gas chromatograph-mass spectrometer 13 was used to analyze volatiles produced . Each minced meat sample (3 g) was placed in a 40-mL sample vial, and the vials were flushed with helium gas (40 psi) for 5 s. Samples were held in a refrigerated (4°C) sample-holding tray before analysis, and the maximum holding time was less than 6 h to minimize oxidative changes (Ahn et al., 1999) . The meat sample was purged with helium gas (40 mL/min) for 13 min at 40°C. Volatiles were trapped using a Tenax column 14 and desorbed for 2 min at 225°C, focused in a cryofocusing module (−90°C), and then thermally desorbed into a column for 30 s at 225°C.
An HP-624 column 13 (7.5 m × 0.25 mm i.d., 1.4 µm nominal), an HP-1 column 13 (52.5 m × 0.25 mm i.d., 0.25 µm nominal), and an HP-Wax column 13 (7.5 m × 0.25 mm i.d., 0.25 µm nominal) were connected using zero dead-volume column connectors.
14 Ramped oven temperature was used to improve volatile separation. The initial oven temperature of 0°C was held for 2.50 min. After that, the oven temperature was increased to 15°C at 2.5°C/min, increased to 45°C at 5°C/min, increased to 110°C at 20°C/min, increased to 210°C at 10°C/min, and then held for 4.5 min. Constant column pressure at 20.5 psi was maintained. The ionization potential of the mass selective detector 13 (Model 5973) was 70 eV, and Gallic acid (100 ppm) and α-tocopherol (100 ppm) added. Malonedialdehyde.
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the scan range was 18.1 to 350 m/z. Identification of volatiles was achieved by comparing mass spectral data of samples with those of the Wiley library. 13 Standards, when available, were used to confirm the identification by the mass selective detector. The area of each peak was integrated using the ChemStation, 13 and the total peak area (pA × s × 10 4 ) was reported as an indicator of volatiles generated from the sample.
Statistical Analysis
A completely randomized design was used to determine the effects of double packaging and antioxidant combinations on color, lipid oxidation, and volatile profiles of the irradiated samples during storage. Data were analyzed by the general linear models procedure using SAS software (SAS Institute, 1995) . Student-NewmanKeul's multiple-range test was used to compare the mean values of treatments. Mean values and SEM were reported at P < 0.05.
RESULTS AND DISCUSSION
Color Changes
Irradiated turkey breast had higher a* values than nonirradiated meat (Table 2) . Antioxidants lowered the L* value of vacuum-packaged irradiated meat by about 2 U and a* value by 1 U. The a* value of aerobically packaged irradiated meat was lower than that of vacuum-packaged meat but was still higher than the nonirradiated control. Nam and Ahn (2002a) attributed the increased red color in irradiated turkey meat to the formation of carbon monoxide-myoglobin (CO-Mb) complexes. The CO-Mb complex is more stable than oxymyoglobin because of the strong binding of CO to the iron-porphyrin site on the myoglobin molecule (Sorheim et al., 1999) .
The increased redness of vacuum-packaged turkey breast by irradiation was stable even after 10 d of refrigerated storage. However, the redness of aerobically or double-packaged meat decreased significantly. This finding indicated that exposing irradiated meat to aerobic conditions was effective in reducing CO-heme pigment complex formation. Furthermore, the combination of antioxidants with double packaging showed a synergistic effect in reducing the redness of irradiated meat; the presence of oxygen should accelerate the dissociation of CO-Mb, whereas antioxidants should inhibit radiolytic generation of CO. Grant and Patterson (1991) also reported that irradiated color could be discolored in the presence of oxygen.
The color changes of irradiated meat after cooking are more of concern, because residual pink color in turkey breast meat can be considered undercooked or contaminated by consumers. The redness of meat was still higher in irradiated meat than in nonirradiated meat even after cooking, and the inside of the meat had stronger redness intensity than the surface. Irradiated cooked turkey breast meat from double packaging and antioxidant combinations, however, produced significantly lower a* values than the vacuum-packaged irradiated cooked meat. Gallate plus α-tocopherol was significantly more effective in reducing the redness than sesamol plus α-tocopherol. Therefore, the gallate plus α-tocopherol in combination with double packaging can be effective in controlling off-color in irradiated raw and cooked turkey breast meat.
Lipid Oxidation
Both aerobic packaging and irradiation increased the lipid oxidation of turkey breast, but the presence of oxygen was a more critical factor than irradiation on lipid oxidation during storage (Table 3) . Vacuum-packaged meat was more resistant to lipid oxidation than aerobically packaged meat, and the TBARS increase was proportional to the exposure time to aerobic conditions. The TBARS of meat was highest with aerobic packaging, lowest with vacuum packaging, and in the middle with double packaging. Two antioxidant combinations were very effective in preventing lipid oxidation during storage, and the TBARS of antioxidant-treated meats were lower than even nonirradiated vacuum-packaged meat at 10 d.
The antioxidant effect on lipid oxidation of turkey meat was even more distinct after cooking. The TBARS of irradiated turkey meat increased rapidly after cooking, but those with antioxidants did not. Therefore, the problem of lipid oxidation in aerobically or doublepackaged irradiated raw and cooked turkey breast could be solved by addition of sesamol + α-tocopherol or gallate + α-tocopherol.
Off-Odor Volatiles of Raw Meat
Irradiation generated many volatiles not found in vacuum-packaged nonirradiated turkey breast meat (Table  4 ). The majority of newly generated volatiles were hydrocarbons and sulfur-containing compounds, and 1-butene, toluene, dimethyl sulfide, and dimethyl disulfide were among the most distinct. S-compounds are regarded as the major volatiles responsible for the characteristic of irradiation off-odor and are different from the rancidity caused by lipid oxidation products. Ahn et al. (2000a) described the irradiation odor in raw pork as a "barbecued corn-like" odor. S-containing volatiles, Sesamol (100 ppm) and α-tocopherol (100 ppm) added.
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such as 2,3-dimethyl disulfide produced by radiolytic degradation of sulfur amino acids, are responsible for the off-odor in irradiated pork, and their amounts are highly dependent upon irradiation dose (Ahn et al., 2000b) . Aerobic packaging was more desirable than vacuum or double packaging in reducing the amounts of hydrocarbons and sulfur compounds. Almost all dimethyl disulfide, a main irradiation off-odor, disappeared under aerobic conditions, and aerobically packaged irradiated meat had only one-third the total volatiles of the vacuum-packaged meat. Little difference in volatile profiles between vacuum-packaged irradiated and doubly packaged irradiated meats at 0 d was found because they were both under vacuum conditions during irradiation. Antioxidant treatments lowered total volatiles in meat, and propanal was not detected when antioxidants were added.
After 10 d of refrigerated storage, volatile profiles of irradiated turkey breast were highly dependent upon antioxidant and packaging conditions (Table 5 ). Vacuum-packaged irradiated turkey breast had the greatest amounts of total and sulfur volatiles. The amount of dimethyl disulfide increased twofold compared with that at 0 d (P < 0.01), and dimethyl trisulfide was newly generated in vacuum-packaged irradiated meat. These sulfur volatiles, however, were not detected in irradi- Sesamol (100 ppm) and α-tocopherol (100 ppm) added.
ated aerobically or double-packaged meat. Three days of exposure to aerobic conditions was enough for the sulfur volatiles to escape from the meat. However, aerobically packaged irradiated meat without antioxidants produced large amounts of aldehydes (propanal, hexanal) and 2-butanone at 10 d, which coincided with the result of TBARS (Table 3) . Double-packaged meat had few lipid oxidation products compared with aerobically packaged meat, but antioxidant combinations significantly reduced the amount of pentane. Therefore, the combination of double packaging (vacuum for 3 d then aerobic for 7) with antioxidants in irradiated raw turkey breast was very effective in reducing total and sulfur volatiles responsible for the irradiation off-odor without any problem in lipid oxidation.
Off-Odor Volatiles of Cooked Meat
The beneficial effects of double packaging and antioxidant combinations on volatiles were more apparent in irradiated cooked turkey breast (Table 6 ). Irradiated cooked turkey breast not only produced considerable amounts of sulfur volatiles but also aldehydes and ketones. Therefore, irradiated cooked meat had a characteristic irradiation off-odor and lipid oxidation-related volatiles compared with the nonirradiated cooked meat. Cooking of vacuum-packaged irradiated meat produced high amounts of sulfur volatiles, whereas cooking of aerobically packaged irradiated meat produced large amounts of aldehydes. Large amounts of propanal and hexanal were formed in irradiated cooked turkey breast, and the amount of total volatiles was greatest in aerobically packaged irradiated cooked meat. This result shows that both lipid oxidation products and irradiation off-odor were problematic when storing irradiated meat under aerobic conditions. Double packaging was more effective than vacuum packaging in reducing sulfur volatiles and lipid oxidation-dependent volatiles compared with aerobic packaging. However, the combination of antioxidant with double packaging was more effective in reducing sulfur and lipid oxidation volatiles in irradiated cooked meat. The total amounts of sulfur volatiles in double-packaged irradiated turkey meat with antioxidants were only about 5 to 7% of the irradiated vacuum-packaged cooked meat without antioxidants. Production of most aldehydes in irradiated cooked turkey breast was prevented by using antioxidants and double packaging. In conclusion, the combination of double packaging and antioxidants was highly effective in controlling lipid 
